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ABSTRACT 
This paper investigates the similarities and differences between three theories for predicting the sound 
transmission due to the structural connections of a double leaf cavity wall. The first of the theories does not 
include the effects of the resonant vibration of the wall leaves below the critical frequency. Above the critical 
frequency, this theory does include the effects of resonant vibration in both wall leaves. The second of the 
theories does by accident effectively include an empirical correction factor which accounts for some of the 
effects of the resonant vibration below the critical frequency, but the theory itself is not valid above the 
critical frequency. The third of the theories does include the effects of the resonant vibration of the wall 
leaves across the whole frequency range. It is shown that the first and third theories, although very different, 
are in very good agreement with regard to the radiation of sound from the receiving room side wall leaf above 
the critical frequency. This validates this aspect of these two theories. The amount by which ignoring the 
resonant vibration of the wall leaves alters the predicted sound transmission depends on the damping loss 
factor of the walls. 
 
Keywords: Sound, Insulation, Transmission I-INCE Classification of Subjects Number(s): 51.4 
1. INTRODUCTION 
Vigran (1) and Davy (2, 3) have published decoupled theories for predicting the sound transmission 
of a double leaf cavity wall due to point and line connections between the two wall leaves. The two 
theories are different. Vigran’s theory assumes infinite size wall leaves while Davy’s theory assumes 
finite size wall leaves. The purpose of this paper is to compare the similarities and differences of the 
two theories. Davy’s equations are also similar to those of Sharp (4-6), although Sharp’s equations are 
only applicable below the critical frequencies of the panels. Again the similarities and differences are 
investigated. 
2. RELATIVE RADIATED SOUND POWER 
Figures 2 and 3 of Vigran (1) show the sound power radiated on one side of an infinite panel which 
is excited by a normal point or line force relative to the power which the force injects into the panel. In 
this section, this relative sound power for a finite panel will be calculated using Davy’s theory (2) and 
compared with Vigran’s numerical calculations. Equation (25) of Davy (2) shows that below the 
critical frequency, if the second wall leaf has infinite size and no other constraints, the power Pn 
radiated by the vibrational field in the panel generated by the force is 
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F is the force for a point force or the force per unit length for a line force, l is 1 for a point force or 
the length over which the line force acts, m is the mass per unit area of the panel and ρ0 is the density 
of the acoustic medium into which the panel is radiating sound, c is the speed of sound in the acoustic 
medium, ω is the angular frequency and f is the frequency. This equation was first derived by Heckl 
(7-9). 
Because this paper is using root mean square amplitudes, the power Pin  injected into the second 
wall leaf by the force or force per unit length F is given by equation (20) of Davy (2). 
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where Y is the point or line admittance or mobility. Hence 
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where ωc  is the angular critical frequency. Thus 
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and fc  is the critical frequency of the panel. 
Equation (7) is based on Heckl’s work and is only valid for infinite panels below about one quarter 
of the critical frequency of the panel because of approximations made in the theory. Because of its 
finite size and possible constraints, a finite panel also has a resonant vibrational field which occurs 
because of reflections at its edges and at its constraints. To extend equation (7) to finite panels and 
above the critical frequency, it is necessary to consider the sound power Ps  radiated by the resonant 
vibration field of the panel. The derivation of the expression for Pn  is only valid below the critical 
frequency. However Pn  is much smaller than Ps  for frequencies near the critical frequency because the 
single sided resonant radiation efficiency σ of the panel is very much greater than the total damping 
loss factor η of the panel in this frequency range. Also it is not possible to distinguish between Pn and 
Ps  above the critical frequency. Thus the total power P radiated by the second wall leaf due to a 
connection is 
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and the ratio r of Ps  to Pn  is (2) 
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The total damping loss factor of the panel η is equal to the sum of its internal damping loss factor 
η int , its connection damping loss factor η con  due to the transfer of energy at its connections to other 
objects at its edges and elsewhere and twice (to take account of both sides of the panel) its single sided 
radiation damping loss factor η rad . 
 int 2con radη η η η= + +   (12) 
The single sided radiation damping loss factor can be calculated from the single sided resonant 
radiation efficiency. 
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The total sound power radiated on one side of the panel relative to the mechanical power input to 
the panel by the point or line force is 
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in in
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Figure 1. The ratio in decibels of the airborne sound power radiated on one side by a 5 mm thick steel 
panel with a damping loss factor of 0.1 to the mechanical power input to the panel by a point (P) or line 
(L) force. A comparison of Vigran’s numerical calculations (1) and Heckl’s theory (equation (7)) (only 
valid below about one quarter of the critical frequency (M ≤ 0.5) for an infinite panel with Davy’s 
theory (equation (15)) for a 10 m2 square panel. 
Figures 1 to 3 show the ratio of the airborne sound power radiated on one side by a 5 mm thick steel 
panel with damping loss factors of 0.1, 0.01 and 0.001 to the mechanical power input to the panel by a 
point (P) or line (L) force. Vigran’s numerical calculations (1) and Heckl’s theory (equation (7)) are for 
  
an infinite panel while Davy’s theory (equation (15)) is for a 10 m2 square panel. Heckl’s theory is only 
valid below about one quarter of the critical frequency (M ≤ 0.5). The steel panel was assumed to have 
a Young’s modulus of 210 Gpa, a Poisson’s ratio of 0.31 and a density of 7853 kg/m3. The speed of 
sound in the acoustic medium was assumed to be 343 m/s and the density of the acoustic medium was 
assumed to be 1.21 kg/m3. The resonant radiation efficiency was calculated using the approximate 
formulae of Davy et al. (10) for the real part of the normalized radiation impedance for the simply 
supported case. 
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Figure 2. The ratio in decibels of the airborne sound power radiated on one side by a 5 mm thick steel 
panel with a damping loss factor of 0.01 to the mechanical power input to the panel by a point (P) or 
line (L) force. A comparison of Vigran’s numerical calculations (1) and Heckl’s theory (equation (7)) 
(only valid below about one quarter of the critical frequency (M ≤ 0.5) for an infinite panel with Davy’s 
theory (equation (15)) for a 10 m2 square panel. 
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Figure 3. The ratio in decibels of the airborne sound power radiated on one side by a 5 mm thick steel 
panel with a damping loss factor of 0.001 to the mechanical power input to the panel by a point (P) or 
line (L) force. A comparison of Vigran’s numerical calculations (1) and Heckl’s theory (equation (7)) 
(only valid below about one quarter of the critical frequency (M ≤ 0.5) for an infinite panel with Davy’s 
theory (equation (15)) for a 10 m2 square panel. 
The first thing to note is that at and above the critical frequency (M ≥ 1), Vigran’s theory and Davy’s 
theory give the same result for both point and line forces and almost the same result as each other. This 
is because at and above the critical frequency, the sound radiation is dominated by radiation of the 
resonant vibration field which is proportional to the power injected into the panel by the point or line 
force. The reason for the slight difference between the two theories is that the radiation damping from 
  
both sides of the panel is extra damping in Davy’s theory while it is include in the assumed damping in 
Vigran’s theory. This why the slight difference becomes slightly greater as the assumed damping loss 
factor decreases. The close agreement supports the validity of both theories at and above the critical 
frequency. 
Below one quarter of the critical frequency (M ≤ 0.5), Vigran’s theory is very similar to Heckl’s 
theory. This observation supports the validity of both theories for an infinite panel. In this frequency 
range, Davy’s theory is larger than Heckl’s and Vigran’s theories and the difference increases as the 
damping loss factor decreases. Davy’s point and line force results tend to each other as the damping 
loss factor decreases. These two observations are due to the fact that below one quarter of the critical 
frequency, the finite size panel considered by Davy has a resonant vibrational field which increases in 
relative magnitude as the damping loss factor decreases, while the infinite size panels considered by 
Vigran and Heckl do not. Davy’s theory tends to Vigran’s and Heckl’s theories in this frequency range 
as the size of the finite panel increases towards infinity or as the damping loss factor increases. 
3. THE RELATIVE TRANSVERSE VIBRATION OF AN AIRBORNE SOUND 
EXCITED PANEL 
Many theories for predicting sound insulation, such as the transfer matrix method assume that the 
wall leaves are of infinite extent. This means that below about one quarter of critical frequency of the 
wall leaf, these theories only include the forced transverse vibration of the wall leaf and not the 
resonant transverse vibration which occurs because of reflections at the edges and other constraints of 
the wall leaf. This is usually okay for radiation of sound on the receiving side or into the wall cavity 
because the resonant radiation efficiency is so small in this frequency range compared to the forced 
radiation efficiency. However the forced vibration and the resonant vibration are transferred via any 
structural connections to the second wall leaf with the same transmission coefficient. In this section, 
the relative size of the effect of the resonant vibration to the effect of the forced vibration is 
investigated. 
Measurements by Crocker and Price (11) showed that the transverse vibrational response of a single 
aluminium panel which is excited on one side by an airborne diffuse sound field is more than 10 dB 
greater than the forced nonresonant mass law response of the panel. Equation (48) of Crocker and Price 
(11) can be rearranged to show that the ratio of the energy of the resonant transverse vibrational field 
to the energy of the nonresonant forced mass law response transverse vibrational field of a panel which 
is excited on one side by an airborne diffuse sound field is 
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This equation can also be derived from equation (7.84a) of Cremer et al. (12) after correcting the 
typographical error by replacing h with f. vr  is the resonant velocity of the panel and vm  is the mass law 
velocity of the panel. 
Equation (16) is a fundamental relationship about the transmission of acoustical or vibrational 
power in opposite directions. The resonant radiation efficiency specifies the transmission of power 
from the resonant vibrational field of the plate to the acoustical medium. The variable e specifies the 
transmission of power from a diffuse sound field to the plate because it is easy to calculate the mass 
law velocity of the panel from the incident sound pressure. Equation (16) appears to need the 
reciprocity principle for its derivation. Crocker and Price (11) use the fundamental Statistical Energy 
Analysis (SEA) principle relating the modal densities n1 and n2  of two systems and the coupling loss 
factors η12 and η21 in the two different directions between the two systems. 
 1 12 2 21n nη η=  . (17) 
Cremer et al. (13) have shown that this equation can be derived from the reciprocity principle. It 
should be noted that equation (16) is the same as the top line of equation (14). Cremer et al. (12) have 
effectively derived equation (16) from the top line of equation (14) using the reciprocity principle. At 
and above the critical frequency, it is not possible to distinguish between the forced response, which is 
given by the mass law response below the critical frequency, and the resonant response. Thus the total 
transverse velocity v can be determined from 
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Figure 4. The response Q in decibels of the sending room side panel relative to its mass law response. 
The sound power radiated by the receiving room side panel due to point (RP) and line (RL) forces 
relative to Heckl’s equation (7). The transmission due to point (QRP) and line (QRL) relative to the 
nonresonant transmission. This graph is for 5 mm thick 10 m2 square steel panels with a damping loss 
factor of 0.1. 
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Figure 5. The response Q in decibels of the sending room side panel relative to its mass law response. 
The sound power radiated by the receiving room side panel due to point (RP) and line (RL) forces 
relative to Heckl’s equation (7). The transmission due to point (QRP) and line (QRL) relative to the 
nonresonant transmission. This graph is for 5 mm thick 10 m2 square steel panels with a damping loss 
factor of 0.01. 
Figures 4 to 6 show the response Q in decibels of the sending room side panel relative to its mass 
law response. The sound power radiated by the receiving room side panel due to point (RP) and line 
(RL) forces relative to Heckl’s equation (7) are also shown. The product of Q with RP and with RL are 
given because these two products give the total transmission due to the structural connections relative 
to the nonresonant transmission via the structural connections. This graph is for 5 mm thick 10 m2 
square steel panels with a damping loss factor of 0.1. 
As has already been noted above Q and RP are equal in value. The values of the curves increase as 
the damping loss factor decreases. Although not shown in these graphs, below the critical frequency 
  
(M < 1), the curves tend to 0 dB as the size of the panel increases to infinity. Starting with the infinite 
panel mass law prediction for the vibration of the first panel and Heckl’s equation (7) for radiation of 
sound from an infinite panel due to excitation via point and line forces for the second panel, the 
product correction curves in figures 4 to 6 can be applied to predict the sound transmission of a cavity 
wall via the structural connections (2). 
In this paragraph, it is assumed that the vibration of the first panel is predicted using the transfer 
matrix method (TMM) and that the radiation of the second panel is predicted using Vigran’s numerical 
calculations (1). Above the critical frequency (M > 1), the correction curves in Figures 4 to 6 do not 
need to be applied because the effects of the resonant vibration fields in both panels are already 
included. Below one quarter of the critical frequency (M ≤ 0.5), these correction curves do to need to 
be applied. Between one quarter of the critical frequency and the critical frequency (0.5 < M < 1), there 
is a transition region were the effects of the resonant vibration field are gradually included as the 
frequency increases. Presumably some form of interpolation between the full correction and no 
correction could be used in this frequency range. 
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Figure 6. The response Q in decibels of the sending room side panel relative to its mass law response. 
The sound power radiated by the receiving room side panel due to point (RP) and line (RL) forces 
relative to Heckl’s equation (7). The transmission due to point (QRP) and line (QRL) relative to the 
nonresonant transmission. This graph is for 5 mm thick 10 m2 square steel panels with a damping loss 
factor of 0.001. 
It should be noted from equation (14) that the correction curves in figures 4 to 6 are larger for point 
forces when M < π/2 and larger for line forces otherwise. 
4. COMPARISON OF DAVY’S AND SHARP’S EQUATIONS 
Because Sharp (5) assumes rigid massless connections the compliance C in Davy’s equations (2) 
needs to be set equal to zero for comparison purposes. Equation (40) of Davy (2) gives the sound 
transmission factor due to n rigid massless point connections per unit area as 
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The subscripts 1 and 2 indicate the two different wall leaves Q is calculated for one wall leaf and R 
is calculated for the other wall leaf. Equations (45) and (46) of Davy (2) give the sound transmission 
factor due to parallel rigid massless line connections spaced a distance b apart as 
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Equation (19) of Sharp (5) for the sound transmission loss TL due to structural connections is 
 M MTL TL TL= + ∆   (22) 
Equation (3) of Sharp (5) gives 
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where 
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For point connections, equation (20) of Sharp (5) gives 
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For line connections, equation (21) of Sharp (5) gives 
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Equation (22) of Sharp (5) is 
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Equations (23) and (24) of Sharp (5) are the same as equations (20), (21) and (22) of Sharp (5) 
except that they omit the ratio of the sum of the two panel point or line force impedances to the point 
or line force impedance of the first panel. This means that equations (23) and (24) of Sharp (5) give a 
6 dB lower sound reduction index for wall leaves with equal properties than Sharp’s equations (20) and 
(21). The + 5 dB in equation (26) is an empirical correction. 
This section determines the values of QRP and QRL that are required to make Davy’s equations 
(40), (45) and (46)agree with Sharp’s equations (20) to (24). Ignoring the empirical +5 dB correction 
for Sharp’s equation (21), Sharp’s equations (20) and (21) for point and line connections are the same 
as Davy’s equations (40) and (45) if QRP and QRL are both equal to 2.6 dB. This is because Sharp uses 
a factor of 1.92 in his equation for the structure borne sound transmission factors to convert from 
normal incidence to diffuse field incidence, but ignores the effects of the resonant vibration fields in 
both panels. Sharp’s factor of 1.92 comes from his theory for the airborne transmission factor of single 
leaf walls. Davy’s (2) equations (35) to (37) show that this factor should only be 2. Davy includes the 
effects of the resonant vibrational fields in both wall leaves by the use of the factor QR. Hence Davy’s 
factor is 2QR. Thus the 2.6 dB is actually 10log10(1.92/2). 
Ignoring the empirical +5dB correction for Sharp’s equation (24), for wall leaves with equal 
properties, Sharp’s equations (23) and (24) for point and line connections are the same as Davy’s 
equations (40) and (45) if QRP and QRL are both equal to 8.6 dB. Including the empirical +5 dB 
correction for Sharp’s equations (21) and (24), Sharp’s equation (21) is the same as Davy’s equation 
(48) if QRL is equal to -2.4 dB, and for wall leaves with equal properties, Sharp’s equation (24) is the 
same as Davy’s equation (48) if QRL is equal to 3.6 dB. 
Table 1. Damping loss factors need to produce values of QRP and QRL for M = 0.5 which make Davy’s 
equations agree with Sharp’s equations. The panels are 5 mm thick 10 m2 square steel panels. 
η QRP (dB) QRL (dB) 
Not possible -2.4  
0.12 2.6  
0.074  2.6 
0.05  3.6 
0.024 8.6  
0.014  8.6 
The values of QRP and QRL are a function of the ratios of the frequency to the critical frequencies 
of the two panels, the ratios of the side lengths of the two panels to the wavelength of sound in the 
medium into which the panels are radiating and the damping loss factors of the two panels. Assuming 
that the two 5 mm thick steel panels have the same properties, it is interesting to determine the values 
of damping loss factor which make QRP and QRL for M = 0.5 have the values determined above which 
  
make Davy’s equations agreed with Sharp’s equations. The steel panels are assumed to be the same 
size and shape as used for the graphs above. The values of damping loss factor range from 0.014 to 
0.12 as shown in Table 1. Below the critical frequencies it is not possible to have a value of QRP which 
is less than 0 dB. The value of M = 0.5 is chosen because Sharp’s equations are only claimed to be valid 
below the critical frequency. 
The impossibility of QRP equals -2.4 dB for frequencies below the critical frequency shows that it 
does not make sense to include 5 dB correction in Sharp’s equation (21). The inclusion of the 5 dB 
correction in Sharp’s equation (24) does make sense because it partially compensates for the removal 
of the impedance ratio. It should be noted that Davy (14) had previously used an empirical value of 
QRL = 2 = 3 dB below the critical frequency in order to make his theory agree fairly closely with 
Sharp’s equation (21) without the 5 dB correction factor, with Sharp’s equation (24) with the 5 dB 
correction factor and with experimental values. 
5. SYMMETRY OF LINE CONNECTION EQUATIONS 
A problem with the use of QRL is that it is not symmetrical with regard to wall leaf number. In other 
words, the sound transmission factors calculated in each direction are different if the wall leaf 
properties are different. This occurs because only bending waves which are incident normally to the 
line connections have been considered. An incident bending wave in the wall leaf 1 with wave number 
k1 which has an angle of incidence of θ1 to the normal to a line connection will have a component of 
wave number of k1sin(θ1) parallel to the line connection. Continuity across the line connection 
demands that the bending waves produced in the second wall leaf must have the same wave number 
component parallel to the line connection. If the bending waves produced in the second wall leaf have 
a wave number of k2 and have an angle of transmittance of θ2 to the normal to the line connection, they 
will have a component of wave number of k2sin(θ2) parallel to the line connection. This means that 
 ( ) ( )2 2 1 1sin sink kθ θ= . (28) 
Thus if k2  < k1, total internal reflection will occur if 
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Thus to avoid the effects of total internal reflection, it is necessary to number the two wall leaves 
such that ωc1 < ωc2. 
If the 1 terms in Q and RL on the top lines of equations (19) and (10) are not significant and if ωc1 
> ωc2, then the total internal reflection can be accounted for by multiplying QRL by 
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At the other extreme, if the 1 terms in Q and R on the top lines of equations (19) and (10) are 
dominant, then the equations for QRL are already approximately symmetrical below the critical 
frequencies. 
If ω c1  = ωc2, then Heckl (personal communication) pointed out that equations for QRL are still 
unsymmetrical if the damping loss factors and/or the resonant radiation efficiencies are different. The 
procedure of numbering the wall leaves based on their critical frequencies cannot resolve the problem 
in this situation. If it occurs, it is recommended that the average damping loss factors and radiation 
efficiencies be used. 
Brunskog and Chung (15) have shown that the bending wave intensity has a maximum when the 
propagation direction is perpendicular to the ribs of a ribbed panel. Presumably this is due to the 
bending stiffness and mass of the ribs. This may explain why the assumption of the bending waves 
being incident normally to the line connections works better than might be expected. Some 
  
unpublished calculations by the author have shown that the transmission of bending wave energy from 
one wall leaf to another via a line connection without bending stiffness does not vary greatly with the 
angle of incidence to the line connection providing the angle of incidence is less than the angle at 
which total internal reflection occurs. These calculations would also explain why the assumption of 
normal incidence appears to work reasonably well. 
6. CONCLUSIONS 
Above the critical frequency, Vigran’s and Davy’s very different theories for the sound power 
radiated by a wall leaf due to excitation by normal point and line forces agree very well. Although not 
shown in this paper, it is expected that Vigran’s transfer matrix method calculation and Davy’s theory 
for the vibration of a wall leaf excited on one side by an airborne diffuse sound field will also agree 
above the critical frequency. Below about one quarter of the critical frequency, Vigran’s theory differs 
from Davy’s theory because Vigran’s theory does not include the resonant vibration fields of both the 
airborne excited wall leaf and the point or line force exited wall leaf because it assumes a wall leaf of 
infinite extent. This exclusion will not matter if the damping loss factors of the wall leaves are high 
enough. Below about one quarter of the critical frequency, Vigran’s theory does agree with Heckl’s 
theory for the sound radiation of a point or line excited infinite extent wall leaf. Vigran’s theory will 
also agree with Davy’s theory in this frequency range if the damping loss factors of the wall leaves are 
large enough. Between about one quarter of the critical frequency and the critical frequency there is 
region where Vigran’s theory transitions from excluding the resonant vibration fields to including the 
resonant vibration fields. 
Sharp’s theory is only valid below the critical frequency. In this frequency range, it is the same as 
Davy’s theory, except for the fact that by accident it includes a fixed factor for the effect of the 
resonant vibrational fields in both wall leaves while this factor is variable in Davy’s theory. 
Davy’s variable factor for the effect of the resonant vibrational fields is not symmetrical in the case 
of line connections because of total internal reflection. This means that it gives different results if the 
calculations are performed in the two different directions. Thus it is necessary to order the panels so 
that the critical frequency of the airborne diffuse field excited panel is less than or equal to the critical 
frequency of the radiating panel. Alternatively a correction must be made for the effect of total internal 
reflection. The effect of the resonant vibrational fields is still unsymmetrical in damping loss factors 
and resonant radiation efficiencies. It is recommended that average values be used if the damping loss 
factors and/or the resonant radiation efficiencies are different. 
REFERENCES 
1. Vigran TE. Sound transmission in multilayered structires - Introducing finite structural connections in the 
transfer matrix method. Appl Acoust. 2010;71(1):39-44. 
2. Davy JL. Sound transmission of cavity walls due to structure borne transmission via point and line 
connections. J Acoust Soc Am. 2012;132(2):814-21. 
3. Davy JL. The sound transmission loss of cavity walls due to studs.  Inter-noise 93; 24-26 August 1993; 
Leuven, Belgium: I-INCE; 1993. p. 975-8. 
4. Sharp BH. A study of techniques to increase the sound insulation of building elements. 1973. 
5. Sharp BH. Prediction Methods for the Sound Transmission of Building Elements. Noise Control 
Engineering. 1978;11(2):53-63. 
6. Sharp BH, Kasper PK, Montroll ML. Sound Transmission through Building Structures - Review and 
Recommendations for Research. 1980. 
7. Fahy F, Gardonio P. 3.10 Sound radiation due to concentrated forces and displacements.  Sound and 
structural vibration : radiation, transmission and response. 2nd ed. Amsterdam: Elsevier; 2007. p. 195-204. 
8. Heckl M. Schallabstralung von Platten bei Punktförmiger Anregung (Sound radiation from plates with 
point excitation). Acust. 1959;9:371-80. 
  
9. Cremer L, Heckl M, Petersson BAT. Section 7.6.4 Radiation from externally excited bending waves.  
Structure-borne sound - Structural vibrations and sound radiation at audio frequencies. Third ed. Berlin: 
Springer-Verlag; 2005. p. 492-7. 
10. Davy JL, Larner DJ, Wareing RR, Pearse JR. The acoustic radiation impedance of a rectangular panel. 
Building and Environment. 2015;92:743-55. 
11. Crocker MJ, Price AJ. Sound transmission using statistical energy analysis. J Sound Vib. 
1969;9(3):469-86. 
12. Cremer L, Heckl M, Petersson BAT. 7.8.5 Transmission loss in the vicinity of the critical frequency.  
Structure-borne sound - Structural vibrations and sound radiation at audio frequencies. Third ed. Berlin: 
Springer-Verlag; 2005. p. 524-5. 
13. Cremer L, Heckl M, Petersson BAT. Section 6.9.1 Analogies to statistical room acoustics.  
Structure-borne sound - Structural vibrations and sound radiation at audio frequencies. Third ed. Berlin: 
Springer-Verlag; 2005. p. 430-4. 
14. Davy JL. Predicting the sound insulation of stud walls.  Costs of Noise: Proceedings of Inter-Noise 91 
Conference; December 2-4, 1991; Sydney, N.S.W.1991. p. 251-4. 
15. Brunskog J, Chung H. Non-diffuseness of vibration fields in ribbed plates. J Acoust Soc Am. 
2011;129:1336-43. 
 
